Brominated flame retardants (BFRs) were investigated in juvenile common sole from nursery zones situated along the French coast in 2007, 2008 and 2009. Extensive identification was performed with regard to PBDEs, novel BFRs 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE) and decabromodiphenylethane (DBDPE), and other non-PBDE BFRs, namely, hexabromobenzene (HBB) and 2,2′,4,4′,5,5′-hexabromobiphenyl (BB-153). Polybrominated diphenyl ether (PBDE) concentrations (Σ 14 congeners) ranged from 0.01 ng/g to 0.16 ng/g wet weight (ww) in muscle, and 0.07 ng/g to 2.8 ng/g ww in liver. Concentrations were in the lower range of those reported in the literature in other European locations. Lower PBDE concentrations, condition indices and lipid contents were observed in the Seine estuary in 2009, possibly in relation to a lower water flow. The PBDE patterns and ratios we observed suggested that juvenile sole have a relative high metabolic degradation capacity. Non-PBDE BFRs were detected at lower levels than PBDEs, i.e., within the < method detection limit -0.005 ng/g ww range in muscle, and < method detection limit -0.2 ng/g ww range in liver. The data obtained is of particular interest for the future monitoring of these compounds in the environment.
Abstract :
Brominated flame retardants (BFRs) were investigated in juvenile common sole from nursery zones situated along the French coast in 2007, 2008 and 2009 . Extensive identification was performed with regard to PBDEs, novel BFRs 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE) and decabromodiphenylethane (DBDPE), and other non-PBDE BFRs, namely, hexabromobenzene (HBB) and 2,2′,4,4′,5,5′-hexabromobiphenyl (BB-153). Polybrominated diphenyl ether (PBDE) concentrations (Σ 14 congeners) ranged from 0.01 ng/g to 0.16 ng/g wet weight (ww) in muscle, and 0.07 ng/g to 2.8 ng/g ww in liver. Concentrations were in the lower range of those reported in the literature in other European locations. Lower PBDE concentrations, condition indices and lipid contents were observed in the Seine estuary in 2009, possibly in relation to a lower water flow. The PBDE patterns and ratios we observed suggested that juvenile sole have a relative high metabolic degradation capacity. Non-PBDE BFRs were detected at lower levels than PBDEs, i.e., within the < method detection limit -0.005 ng/g ww range in muscle, and < method detection limit -0.2 ng/g ww range in liver. The data obtained is of particular interest for the future monitoring of these compounds in the environment.
Introduction
Coastal and estuarine areas are major nursery zones for a variety of species, in particular flatfish (Riou et al., 2001) . These zones receive contaminant inputs from various human activities, which may lead to a deterioration in flatfish habitat quality, hence affecting species number and density, and the recruitment of adult populations (Courrat et al., 2009; Rochette et al., 2010) . Common sole was chosen as the target species for this study due to its benthic habitat and potential exposure to sedimentassociated persistent organic contaminants, such as polybrominated diphenyl ethers (PBDEs), plus its high commercial value for European coastal regions (Riou et al., 2001; Nicolas et al., 2007) .
Brominated flame retardants (BFRs), including PBDEs, have been the focus of numerous studies for the past 10 years, as their presence has been demonstrated worldwide and in all environmental compartments (de Wit, 2002; Law et al., 2003; Hites, 2004; Law et al., 2006b; Tanabe, 2008; Shaw and Kannan, 2009) . Their physicochemical properties and fate in the environment (persistence, bioaccumulation, long-range transport and toxicity) qualify them as persistent organic pollutants (POPs); as a result, commercial Penta-bromodiphenyl ether and Octa-bromodiphenyl ether have been added to the list of POPs established by the United Nations Stockholm Over 67,000 metric tons of PBDEs were produced worldwide in 2001, mostly (over 80 %) comprising Deca-bromodiphenyl ether (DecaBDE) (Law et al., 2006b) . BDE-209 accumulation in sediment has recently become a matter of concern, as this compartment represents large environmental reservoirs and could therefore be a potential threat to biota in the long-term (Ross et al., 2009) . PBDEs are cause for concern due to their potential adverse effects on wildlife and humans, including endocrine disruption, immunotoxicity and neurotoxicity (Shaw and Kannan, 2009) . As a number of PBDEs are currently banned, alternative flame-retardants have now been introduced onto the world market. The levels of these replacement BFRs (or "novel" BFRs) are thus likely to increase in the environment. These compounds have recently been identified in the Arctic, demonstrating their long-range transport capability, and have been shown to accumulate in higher trophic level organisms (de Wit et al., 2010; Möller et al., 2011) . To date, little is known about their potential toxicity to wildlife and humans (Stapleton et al., 2008) . Among non-PBDE BFRs, decabromodiphenyl ethane (DBDPE), 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE), hexabromobenzene (HBB) and 2,2',4,4',5,5'-hexabromobiphenyl (BB-153) were specifically targeted in this study. Current data on the occurrence of these non-PBDE BFRs in French coastal areas is very scarce (Munschy et al., 2007) . DBDPE was introduced in the early 1990s as an alternative to BDE-209 in plastic and textile applications (Ricklund et al., 2010) . DBDPE is qualified as a low production volume chemical (< 1 000 tons/year) by the EU (European chemical Substance Information System -ESIS, http://ecb.jrc.ec.europa.eu/esis/). This highly hydrophobic compound (log K ow of 11.1, Covaci et al., 2011) has been identified in sewage sludge, sediment, indoor dust and biota, and it has been qualified as a widespread contaminant (Kierkegaard et al., 2004; Ricklund et al., 2008; Shi et al., 2009; Ricklund et al., 2010; Ali et al., 2011; Covaci et al., 2011) . Although France was not covered by the Ricklund et al. (2008) study, DBDPE levels in sludge from various countries were found to be higher in Europe than in North America.
BTBPE was first produced in the 1970s and is used as a replacement for octaBDEs (Hoh et al., 2005) . Worldwide production or estimated use was 16,710 metric tons in 2001 (Verreault et al., 2007) . Like DBDPE, BTBPE is identified as a low production volume chemical (< 1 000 tons/year) by the EU (ESIS, http://ecb.jrc.ec.europa.eu/esis/). BTBPE has been identified in various abiotic media (indoor dust, atmosphere, sediment, water) and biotic media (zooplankton, mussel, fish, aquatic bird eggs) (Hoh et al., 2005; Law et al., 2006a; Gauthier et al., 2009; Shi et al., 2009; Ali et al., 2011; Covaci et al., 2011) . This compound (log K ow of 7.88, Covaci et al., 2011) has been shown to bioaccumulate in various aquatic species and has the ability to biomagnify in aquatic food webs (Law et al., 2006a; Tomy et al., 2007; Wu et al., 2011) . HBB used to be commonly used for the manufacture of paper, woods, textiles, plastics and electronic goods in Japan, and is currently employed in small volumes (Yamaguchi et al., 1988; Watanabe and Sakai, 2003) . Thermal degradation of the DecaBDE technical mixture and polymeric PBDEs pyrolysis could also be sources of the HBB found in the environment (Thoma and Hutzinger, 1987; Gouteux et al., 2008) . HBB is not qualified by the EU as either a high or low production volume substance (ESIS, http://ecb.jrc.ec.europa.eu/esis/). HBB has been identified in river and estuary sediment and in human adipose tissue in Japan (Watanabe et al., 1986; Yamaguchi et al., 1988) , in the atmosphere and biota of the Great Lakes (Gouteux et al., 2008; Gauthier et al., 2009) , China (Qiu et al., 2010; Wu et al., 2010) and the Arctic (Verreault et al., 2007; Möller et al., 2011) . BB-153 is the main constituent of technical hexabromobiphenyl: one of the three polybrominated biphenyl (PBB) technical mixtures, used as flame retardant in electronic equipment. PBBs are no longer commercially-produced on a worldwide basis (Sjödin et al., 2004) , but one company in France continued to manufacture technical decabromobiphenyl until the year 2000 (Hardy, 2002) . In the United States, a decreasing trend in BB-153 in human serum was revealed between 1985 and 2002, following the ban on its use in the mid-Seventies (Sjödin et al., 2004) . However, BB-153 was recently identified in marine mammals and fish from North America and Northern Europe (von der Recke and Vetter, 2008; Gieron et al., 2010) . This paper aims to provide new data on BFR contamination levels and patterns and the geographical distribution of BFRs in the marine flatfish Solea solea L. collected from main nursery zones along the French coast, with some emphasis on non-PBDE BFRs. As relatively little data is available on the levels of these latter compounds in European marine environments, this paper aims to provide reference data for French coasts, hence facilitating the future monitoring of these compounds. A special attention was devoted to examine the relationships between contamination levels and fish biological characteristics. To our knowledge, such detailed data about fish contamination by BFRs in French coastal areas has not been published to date.
Materials and Methods

Sample collection
Fish samples were collected in 2007, 2008 and 2009 in the same season (autumn) from 4 main nursery zones: the Seine estuary in the English Channel, the Vilaine estuary, the Pertuis Breton and Pertuis of Antioche in the Bay of Biscay on the Atlantic Coast (Fig. 1) . Three sampling zones were investigated in the Seine estuary: zone A (outer estuary), B (intermediate) and C (inner). Fish were collected at dawn using a benthic fish trawl. Each fish was individually sized and weighed immediately after collection and stored at -20 °C until further handling. Age determination was conducted on selected fish by otolith reading, and only juvenile fish of age group 1 were retained for BFR analysis.
Standards and reagents
The solvents (dichloromethane (DCM), n-hexane, toluene, acetone) used for our analyses were of trace analysis grade and supplied by SDS (France 
Sample preparation
All fish samples were dissected in a clean laboratory (low dust and positive pressure) under a hood. Because only small differences between sexes were observed at this life-stage, males and females were not separated for pooling purposes. Each sample comprised 8 to 17 pooled individuals of similar age, and replicate pools (n = 2 to 3) were included at each sampling site when enough fish were available. All muscle (without skin) and liver were collected from each fish.
The total amount of extractable lipids was determined gravimetrically in muscle and liver in a separate extraction, using a mixture of acetone and hexane (80/20 v/v).
Tissue samples were homogenized, freeze-dried and spiked with a solution of labelled recovery standards before extraction. LCS solution, which included twenty 13 C-labelled compounds HBB, BTBPE, DBDPE) , was added to each sample and each blank before extraction. BFR chemical analyses were conducted on 4 to 10 grams dry weight (dw) of muscle and on 0.2 to 0.8 grams dw of liver. The detailed analytical procedure was published previously (Johansson et al., 2006; Munschy et al., 2008) . Extraction was done with DCM using Accelerated Solvent Extraction (ASE, Dionex Corp., USA). The extracts were cleaned on a gel permeation chromatography glass column (460 mm x 26 mm) filled with styrene-divinylbenzene (Bio-beads S-X3) eluted with DCM, fractionated on a silica and alumina column and treated with concentrated sulphuric acid followed by several rinses with iso-octane. Extracts were further fractionated using a high-performance liquid chromatography (HPLC) system equipped with a nitrophenylpropylsilica column (Nucleosil, 5-µm particles, 250 x 4.6 mm, Interchim, France). Prior to injection, a BFR-ISS solution, containing the 13 C-labelled BDE-79, BDE-139, BDE-180 and BDE-206 used as internal standards, was added to each sample.
Instrumental analysis
BFR analyses were performed using High Resolution Gas Chromatography -High Resolution Mass Spectrometry (HRGC-HRMS) with an AutoSpec Ultima (Waters, Manchester, UK) operated in electronic impact (EI) ionisation mode at a minimum resolution of 10,000 in the selected ion monitoring (SIM) mode. The technical mixtures Bromkal 70-5 DE, Bromkal 79-8 DE and FR-300 BA were also analysed by HRMS. The HRMS was interfaced with a Hewlett-Packard (Palo Alto, CA, USA) 6890 gas chromatograph. All analyses were done using two different chromatographic columns: a 15 m DB-1 column (J&W Scientific, CA, 0.25 mm i.d., 0.10 µm film thickness) and a 30 m DB-1 (J&W Scientific, CA, 0.25 mm i.d., 0.10 µm film thickness). The temperature programmes used were i) 100 °C for 2 min., 25 °C/min. to 250 °C, 1.5 °C/min. to 260 °C, 25 °C/min. to 325 °C, hold 7 min., helium at 1 ml/min. for the 15 m column; ii) 100 °C for 2 min., 40 °C/min. to 180 °C, 15 °C/min. to 240 °C, 4 °C/min. to 325 °C, hold 5 min., helium at 0.8 ml/min. for the 30 m column. Thirty-eight PBDE congeners ranging from dibrominated to decabrominated congeners were looked for in all samples, i.e., . The results obtained on the longer column were chosen for most compounds, except for octa-, nona-and decabrominated congener results, which were generally taken from the 15 m column. However, the results obtained from both columns were very similar for most compounds, including for BDE-209. The congeners which showed different results on the 30 m and the 15 m columns were BDE-49 (poorly resolved from BDE-71 on the 15 m column), BDE-119 and BDE-154, both of which were better-resolved on the 30 m column. Injections of 1 µl were done in splitless mode at 280 °C using a CTC Combi-Pal autosampler (CTC Analytics, Zurich, Switzerland). The GC/MS interface was maintained at 250 °C, and the ion source at 280 °C. Single Ion Recording (SIR) calibration was achieved using perfluorokerosene at the start of each sequence run. Resolution was checked regularly (i.e., after each sample) during each sequence run using the resolution check tool. The various congeners were monitored using the two most abundant isotopes representing the molecular peak [M] + or + , depending on the congeners. In order to optimise sensitivity and resolution conditions, BTBPE was analysed for its base peak (356.7948) in a single, separate run. Peak identification was performed using retention times, comparison to authentic standards and via the isotopic ratio. Quantification was achieved using the isotopic dilution method. Congeners below the instrumental limits of quantification (LOQ), or with a poor isotopic ratio, were not taken into consideration in our results.
Quality Assurance / Quality Control
Quality Assurance / Quality Control procedures were followed during each sequence analysis. Blanks were processed within each sample batch (generally 8-12 samples) throughout the whole analytical procedure. Samples were processed in the laboratory in a clean, low dust atmosphere and under positive pressure, and windows were UVprotected. Despite the ultra-clean conditions, BDE-209 was still detected in the blank. BDE-209 concentrations in fish were hence corrected versus blanks using the median value found in the procedural blanks (5.7 pg/µl). Labelled standard recoveries were between 75 ± 11 % and 108 % ± 25 % for PBDEs, and between 74 % ± 30 % and 111 % ± 36 % for non-PBDE BFRs (mean values ± standard deviation, n = 70).
Limits of Detection (LODs), calculated for each sample by taking into account the injection volume, the volume of the concentrated extract before injection and the extracted sample mass, were between 0.002 pg/g ww and 0.054 pg/g ww in muscle, and between 0.048 pg/g ww and 1.1 pg/g ww in liver (median values, n = 35), depending on the congeners. BDE-209 LODs were slightly higher, i.e. 0.56 pg/g ww and 7.8 pg/g ww in muscle and liver, respectively. LODs calculated for the non-BFR compounds were in the 0.006-0.17 pg/g ww and 0.10-4.2 pg/g ww ranges in muscle and liver, respectively.
Analyses of certified material WMF-01 (Wellington laboratories) were regularly included in sample sequences. This material is a freeze-dried fish tissue containing the following congeners at certified reference values: BDE-28, BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, BDE-183 (provisional value), at concentrations of 0.5 to 123 ng/g dw. The results were within the certified ranges for all congeners.
In order to check our method performance with low contamination levels on marine biota, the laboratory routinely participates in the QUASIMEME (Quality Assurance of Information for Marine Environmental Monitoring in Europe) intercomparison exercises for PBDEs, and obtains satisfactory Z scores, i.e. generally between 2 and +2. Although most exercises were done using GC-LRMS-ECNI (low resolution MS-electron capture negative ionisation mode), HRMS was used in 2010 and gave very good results.
Non-PBDE BFRs were analysed using the same QA/QC protocols as for PBDEs, with the exception of certified material analysis, as none was available for the analysed compounds.
Data analysis
Different statistical tests were used to analyse the results obtained during this study using Statistica v7.1 software (StatSoft Inc., USA). Correlations (e.g. between lipid content in muscle and liver, lipid content and PBDE concentrations in selected tissue, and PBDE concentrations in liver and muscle) were tested using simple linear regression coefficients. Comparisons of Fulton's K condition index, liver somatic index (LSI), and PBDE concentrations at the various sites over the 3-year period were performed using the Wilcoxon-Mann-Whitney or Kruskal-Wallis tests. Unless specifically mentioned, the chosen significance level was α = 0.05.
Results and Discussion
Fish biometry and condition indices
A total of 617 fish samples were collected from the various sites during our 3-year study, including 442 fish which were analysed for BFRs. In order to achieve a better significance level, biometry and condition indices were evaluated on the fish as a whole. In most cases, the same results were obtained with both sets of data. The results are presented in the Supplementary material (Table S1 ).
Fulton's condition index K was used as an indicator of the general well-being of the fish (Gilliers et al., 2004) . K was calculated as K= 100 (W × L 3 ), whereby W is total weight (g) and L is total length (cm). Total weight and total length were used instead of eviscerated fish weight and standard length, as the latter were not available for all fish. When eviscerated fish weight and standard length were available, K was calculated using both values and the same conclusions were obtained. K indices were between 0.71 ± 0.08 and 0.88 ± 0.13 (Table S1) . Notwithstanding the year, K indices were significantly lower in fish from the Pertuis of Antioche than in fish from the other sites. The Liver Somatic Index (LSI) was used as an indicator of fish physiological state and calculated as LSI = (LW / BW ) × 100, whereby LW and BW are liver and body weights respectively (Grant and Brown, 1999) . LSI values were between 0.56 ± 0.17 and 0.97 ± 0.25 (Table S1 ). Contrary to our K index observations, no significant general trend was highlighted in terms of years and sites. Nonetheless, in the Pertuis of Antioche, Pertuis Breton and ZC of the Seine estuary, LSIs were significantly lower in 2008 than in 2007, whereas no differences were noted in the Vilaine estuary during the 3-year study.
Total extractable lipids were determined in each pooled sample of muscle and liver. Lipid content was between 0.08 % and 0.49 % ww in muscle, and between 0.57 % and 12.4 % ww in liver (Table S1) . These values are lower than those reported in situ in sole from other coastal areas, although the comparison was not straightforward, as fish biological parameters (size, age, sex) were not systematically available in the literature (Ikonomou et al., 2002; Voorspoels et al., 2003; Bragigand et al., 2006) . Although lipid content varied widely, significant differences were not generally observed with regards to the site and year, mainly because the number of values was limited. The only significant differences found were in lipid content in both muscle and liver in 2007 and 2009, and in liver in 2008 and 2007 , in samples from the Seine estuary: a higher lipid content was systematically observed in samples collected in 2007. Lipid content in muscle and liver was significantly correlated (linear relation, r = 0.61, p < 0.001). No correlation was found between LSI and lipid content, or LSI and K.
PBDE contamination levels
Among the analysed congeners, fourteen were identified in samples at levels above the LODs. These included . Among these, only 5 congeners were not detected in all samples: BDE-119 (97 % of samples), BDE-99 (94 %), BDE-184 (89 %), BDE-201 (89 %) and . Two other congeners (BDE-85, BDE-140) were also detected, but only in the most contaminated samples (i.e. in samples from the Seine estuary and in liver samples); they were not therefore taken into account in the sum of detected congeners.
PBDE concentrations (sum 14 BDEs) in the muscle and liver of fish collected from the various sampling sites over the 3-year period are presented in Fig. 2 . PBDE concentrations were positively correlated with lipid content in both muscle (r = 0.42, p < 0.05) and liver (r = 0.85, p < 0.0011). Hence, PBDE concentrations were also expressed in relation to lipid content. Concentrations ranged from 0.01 ng/g ww to 0.16 ng/g ww (2.8 ng/g lw to 82.5 ng/g lw) in muscle, and from 0.07 ng/g ww to 2.8 ng/g ww (3.3 ng/g lw to 53.2 ng/g lw) in liver. Concentrations in ww were 12 to 20 times higher in liver than in muscle, depending on the congeners; liver/muscle ratio concentrations showed a significant linear correlation with the congener number of bromine atoms (and log K ow ), suggesting a lipid partitioning process of PBDEs in relation to their log K ow . When normalized to lipid content, concentrations were in the same range in both muscle and liver: liver/muscle concentration ratios were between 0.9 and 1.6 (median values) depending on the congener. PBDE concentrations (expressed in ng/g ww) in muscle were significantly correlated with liver concentrations (r = 0.94, p < 0.001). Concentrations in both muscle and liver were positively correlated with total length (r = 0.74 and 0.70, respectively, p < 0.001, all data). PBDE concentrations in samples from the Seine estuary were positively correlated with K indices (r = 0.84 and 0.78 in muscle and liver, respectively, p < 0.001), whereas this relationship was not highlighted in samples from the other sites. No correlation was found between PBDE concentrations in muscle or liver and LSI.
Sole samples from the Seine estuary (English Channel) showed the highest concentrations in all years (either in ww or lw), while samples from the Atlantic coast (Vilaine, Pertuis Breton and Pertuis of Antioche) exhibited lower and similar values. Various marine species from the Seine estuary have already been shown to be highly contaminated due to major industrial and urban activity in the associated catchment area (Bragigand et al., 2006; Johansson et al., 2006; Bodin et al., 2007) . PBDE concentrations in muscle (in ng/g ww) in samples from the Seine estuary showed significantly lower levels in 2009 than in 2007 and 2008 at all sampling sites. These differences were also observed and significant in liver. The lower concentrations observed in 2009 coincide with a lower average water flow (356 m than zone B and zone A (not significant). This tends to indicate that the age-1 group is not strictly bound to a limited zone inside a specific nursery. In addition to the 14 main congeners, BDE-209 was detected at levels exceeding those found in the procedural blank in a limited number of muscle samples, at levels between 7 × 10 -4 ng/g ww and 0.01 ng/g ww (0.18-5.27 ng/g lw) in muscle, and in two liver samples at 0.17 ng/g ww and 0.19 ng/g ww (3.9 and 6.0 ng/g lw). Despite its high molecular size, BDE-209 bioavailability for biota is provenly low. However, low uptake and active metabolism has been found to occur in fish at various extents depending on the species. Previously-published studies have reported BDE-209 debromination into lower brominated congeners -mainly hexa-to nona-BDEs -in juvenile carp (Cyprinus carpio), rainbow trout (Oncorhynchus mykiss) and common sole (Solea solea L.) (Kierkegaard et al., 1999; Stapleton et al., 2004a Stapleton et al., , 2006 Tomy et al., 2004; Munschy et al., 2011) .
Samples originating from Pertuis of Antioche and Pertuis
Comparison of PBDE levels in Europe
BDE-47 is the most abundantly-found PBDE congener in biota and, as a result, data on its concentrations is fairly widely-available in the literature. BDE-47 concentrations were thus taken into account in order to compare our results with those of other studies. As PBDE contamination levels and patterns can vary widely according to species and habitat, we focused primarily on studies on benthic or bottom feeder fish from estuarine or coastal areas. Comparison was not always straightforward, as detailed data was not systematically available. Moreover, fish age and gender for adult specimens were not systematically reported in the published results. In addition, we focused our comparison on studies relative to Europe, as levels found on other continents such as North America or Asia can show major variations due to the different quantities of BFRs used (Hites, 2004 , Law et al., 2008 Shaw and Kannan, 2009) . Our results comparison is presented in Table 1 . In this study, BDE-47 concentrations in age-1 sole varied between 0.002 ng/g ww and 0.05 ng/g ww, or 0.5 ng/g lw and 29.9 ng/g lw in muscle, and between 0.02 ng/g ww and 0.87 ng/g ww, or 0.9 ng/g lw and 18.4 ng/g lw in liver. Data on PBDE contamination in marine benthic biota along French coasts remains scarce and recent: the results published by Bragigand et al. (2006) reported BDE-47 levels in the muscle of sole (Solea solea) collected from the Loire estuary to be between 0.09 ng g -1 ww and 0.39 ng g -1 ww; these concentrations were far higher than those found in our study in samples from both the English Channel and the Atlantic. Globally, the concentrations found in our study in sole samples collected from French coasts were in the lower range of those reported in other European locations (Table 1 ). The levels we found were comparable to those reported in fish from European high mountain lakes or Antarctica (Vives et al., 2004; Blais et al., 2006; Borghesi et al., 2009 ). The fairly low concentrations determined in our study may be due to the fact that the samples were restricted to age-1 specimens, whereas the other studies generally related to older fish. Furthermore, our fish were collected from coastal zones affected to various extents by contaminant inputs due to human activity, but not directly influenced by a close source, as was the case in the various other studies mentioned in Table 1 .
In addition to BDE-47, BDE-209 levels were also compared with data from the literature. In view of the analytical challenge involved in obtaining accurate results, BDE-209 is seldom reported in biota, especially in coastal marine fish. Voorspoels et al. (2003) found this congener in the liver of various fish species from the North Sea and Scheldt estuary at levels ranging from 3.4 to 37.2 ng/g ww, i.e. several orders of magnitude higher than the levels determined in our study. Other published results obtained on benthic fish are in the range of those found in our study. For example, concentrations of 0.06-0.07 ng/g ww and 0.006 and 0.020 ng/g ww were reported in benthic fish from Norway (Berge et al., 2006; Sormo et al., 2009 ). Lepom et al. (2006) found BDE-209 above the LOQ in only one dab liver sample from the North Sea, at 0.05 ng/g ww. Regarding pelagic species, concentrations of 0.04-0.11 ng/g ww were determined in herring from the Baltic Sea, although remarkably higher levels (2.6 and 16.4 ng/g ww) were reported in two samples (Roots et al., 2010) . In Atlantic and polar cod from the Norwegian North-East Atlantic, BDE-209 was found at 0.27-0.64 ng/g lw, although the results showed high standard deviations (Jenssen et al., 2007) . Gomara et al. (2006) found BDE-209 at < 0.0002-0.01 ng/g ww in various fish from the Spanish market.
PBDE contamination patterns and potential origins
Among the identified PBDEs, BDE-47 was the predominant congener in most samples, accounting for 32 % of the sum of the 14 BDEs in muscle (mean pattern, Fig. 3 ). The PBDE mean congener pattern was similar in liver samples. BDE-47 is reportedly the most abundant congener in fish worldwide, irrespective of levels, species, and sampling sites (de Wit, 2002; Watanabe and Sakai, 2003; Hites, 2004; Law et al., 2006b) . Abundance of the other main congeners was BDE-100 -BDE-154 > BDE-49 > BDE-99 > BDE-28 > BDE-153 and > BDE-183. These eight congeners represent, on average, 95 % of the sum of the 14 congeners in both liver and muscle. Significant differences were found in relative concentrations of in samples from the Seine estuary and Atlantic, and the contribution of these congeners with the exception of BDE-100 was higher in samples from the Atlantic than from the Seine estuary.
Congener distribution in biological samples has often been compared to the composition of the Pentabromodiphenyl ether (PentaBDE) commercial product (Boon et al., 2002; Law et al., 2003 , Rayne et al., 2003 Ikonomou et al., 2006) . Results from HRMS analysis of PBDE commercial mixtures (Supplementary material, Table S2 ) indicate that Bromkal 70-5 DE (technical pentaBDE) contains a majority of penta-(58.6 %) and tetra-brominated (32.9 %) congeners, whereas Bromkal 79-8 DE (technical octaBDE) contains BDE-209 (35 %), nona-(29.5 %), octa-(21 %) and hepta-BDEs (14.4 %). FR-300 BA (technical decaBDE) contains mainly BDE-209 (93 %). These results coincide with previous reports La Guardia et al., 2006) , although one main difference was found for BDE-47 in Bromkal 70-5 DE, which was slightly lower in our case. It is interesting to note that BDE-209 was found in fairly high proportions (35 %) in the European Bromkal 79-8 DE formulation versus the American DE-79 from Great Lakes Chemical Corp., Indiana (BDE-209 at 1.3 %, La Guardia et al., 2006) . The different technical deca-mixtures analysed in previous studies (i.e., Saytex 102E and Bromkal 82-ODE, La Guardia et al., 2006) systematically showed BDE-209 to be the predominant congener. The mean pattern determined in sole in our study (Fig.4) shows a greater similarity with the pentaBDE technical mixture than with the octaBDE or decaBDE technical mixtures, although a lower proportion of penta-BDE congeners was found in sole versus the technical pentaBDE mixture (26 % and 59 %, respectively). However, the patterns observed in sole are a result of source exposure, bioavailability, uptake efficiency and potential metabolism of the various congeners; a direct comparison of environmental patterns and technical mixtures is therefore complex, except in the case of point source contamination (Dodder et al., 2002) .
The accumulation pattern we observed in sole differs somewhat from other studies carried out on other marine fish species. For example, BDE-99 has been found in various fish species, including sole, at a higher relative level than in our study (i.e., 4 % of the sum of the 14 congeners) (Boon et al., 2002; Hites, 2004; Bragigand et al., 2006; Ikonomou et al., 2006; Shaw and Kannan, 2009 ). Low BDE-99 abundance has been reported in various fish species from China (Meng et al., 2008) and Japan (Akutsu et al., 2001) , similarly to our findings, whereas BDE-99 was not detected at all in feral carp from the Llobregat River in Spain (Labandeira et al., 2007) . The BDE-99/BDE-100 ratio is commonly used as an indicator of the metabolic capacity of organisms, with a low ratio indicating a high metabolic capacity. In our study, this ratio was between 0.10 and 0.57 (median value of 0.18, calculated on all samples) in muscle samples, i.e. similar to previously-published results (Christensen et al., 2002; Voorspoels et al., 2003; Meng et al., 2008; Li et al., 2010) . This ratio was 0.16 (median value) in liver samples, although it varied fairly widely between samples (between 0.06 and 1.94). These results suggest that sole have a high BDE-99 metabolism capability. The BDE-47/BDE-99 ratio has also been suggested as an indicator of the capacity of organisms to metabolise BDE-99, with a high value indicating a high metabolic capacity. In our study, the median value of this ratio was 8.3 in muscle and 9.3 in liver. This ratio could also reflect different patterns of exposure: BDE-47/BDE-99 was found to be lower in fish from North America and in sole from Bohai Sea, China, i.e. a ratio of around 2 (Hites, 2004; Tian et al., 2010) . Variations in this ratio could also be influenced by exposure time, with lower values reflecting more recent exposure (Roosens et al. 2010 ).
Conversely, BDE-49 concentrations were fairly high (11-12 % in muscle and liver) in comparison to previous results reported in English sole (Ikonomou et al., 2002; . In an experimental study previously conducted on the same species, we hypothesized that BDE-99 was debrominated into BDE-49, and demonstrated a high metabolism rate leading to higher concentrations of BDE-49 versus BDE-99, to which the fish were exposed (Munschy et al., 2011) . In the present study, the ratio of BDE-49 to BDE-99 was 3.0 (median value calculated on all samples) in muscle and 3.7 in liver. The low levels of BDE-99 and high levels of BDE-49 reported here in the wild therefore appear to be consistent with our previous experimental work. Globally, the results obtained in our study tend to indicate that sole has a higher BDE-99 metabolism capability than other fish.
Another striking difference is that BDE-154 was found at particularly high levels in our samples, representing, on average, 21 % ± 7 % in muscle and 20 % ± 8 % in liver (mean values ± standard deviations calculated on the sum of the 14 congeners in all samples). A high proportion of BDE-154 could be attributed to exposure and / or metabolic processes. As this phenomenon has already been highlighted in various fish species, BDE-154 could be the result of BDE-209 or BDE-183 metabolic degradation (Kierkegaard et al., 1999; Stapleton et al., 2004a,b) . However, no evidence of BDE-209 degradation into BDE-154 in sole was found in our previous experimental study (Munschy et al., 2011) . The high proportion of BDE-154 in sole may also be the result of exposure to this congener originating from degradation processes other than metabolism in fish, such as photolytic degradation or anaerobic degradation of octa-or decabromo diphenyl ether mixtures (Söderström et al., 2004; Gaul et al., 2006; He et al., 2006; Zeng et al., 2010) . The presence of BDE-154 at high levels in fish could also be attributed to exposure to various sources: BDE-154, BDE-153 and BDE-183, together with other heptabromo-congeners, have already been linked to local inputs from industrial activities or waste discharges and found to be high in fish (Rice et al., 2002; Eljarrat et al., 2004) . Peng et al. (2007) found BDE-154 and BDE-183 to be the predominant congeners in various fish species from Taiwan, related to octa-BDE usage. However, in our study, BDE-154 was the only significant high-brominated congener found in the fish and could not therefore be attributed solely to the use of a high-brominated PBDE mixture. In addition, BDE-154 was relatively prevalent in all nursery zones, which would rule out the influence of local sources.
In addition, two other congeners identified in sole could originate from BDE-209 metabolism: BDE-140 and BDE-201 have been reported on the basis of in vitro or in vivo laboratory experiments on different fish species (Tomy et al., 2004; Stapleton et al., 2006) .
Non-PBDE BFR contamination levels
Non-PBDE BFRs, namely BTBPE, DBDPE, HBB and BB-153, were also identified, but at very low concentrations, i.e., lower than those of PBDEs. Levels in numerous samples were below the LODs. The concentrations of these compounds in sole samples are presented in Table 2. BTBPE mean concentrations in sole muscle and liver were between 0.2 pg/g ww and 0.7 pg/g ww (or 0.08 ng/g lw and 0.31 ng/g lw), and between 5.3 pg/g ww and 40.2 pg/g ww (or 0.17 ng/g lw and 4.1 ng/g lw), respectively. Concentrations in samples from the Seine estuary were in the same range as those found in samples from the Atlantic, suggesting that BTBPE origin was not directly related to high anthropogenic activity in the Seine estuary. Concentrations in sole were three orders of magnitude lower than the mean concentrations in the muscle of various fish species from Lake Winnipeg, Canada, which were between 0.13 and 0.95 mg/g lw (Law et al., 2006a) . In lake trout from Lake Ontario, Canada, BTBPE concentrations increased between 1979 and 1993, then decreased to around 1.6 ng/g lw up to 2004 (Ismail et al., 2009) . In southern China, BTBPE was found at levels of between < 0.012 ng/g lw and 0.105 ng/g lw in the muscle of freshwater fish collected from an electronic waste processing area (Shi et al., 2009 ), whereas Wu et al. (2010) reported much higher values (i.e. 1.71-518 ng/g lw).
DBDPE mean concentrations in sole muscle samples were between 0.9 pg/g ww and 1.9 pg/g ww (or 0.28 and 1.13 ng/g lw), and between < LOD and 14.2 pg/g ww (or < LOD and 1.33 ng/g lw) in liver. These concentrations were far lower than those reported in various fish species from Lake Winnipeg, Canada, (0.08-1.01 mg/g lw range, Law et al., 2006a) , or from an electronic waste recycling site (up to 338 ng/g lw, Wu et al., 2010) . As for BTBPE, concentrations were in a similar range in samples from all areas, suggesting that DBDPE in sole does not originate directly from local or regional inputs.
HBB levels were between 0.9 pg/g ww and 2.8 pg/g ww (or 0.5 and 1.4 ng/g lw) in muscle, and between 3.9 pg/g ww and 54.3 pg/g ww in liver (or 0.1 and 5.3 ng/g lw). Contrary to our observations on PBDEs, slightly higher levels were found in samples collected on the Atlantic coast (Vilaine estuary, Pertuis of Antioche and Pertuis Breton). The levels determined in our study were far below those reported in freshwater fish in China, i.e., in the 680-2451 ng/g lw range, although the fish were collected from an electronic waste recycling site (Wu et al., 2010) .
BB-153 mean concentrations were in the 0.1-3.0 pg/g ww (0.05-1.66 ng/g lw) range in muscle, and in the 1-56.2 pg/g ww (0.06-1.74 ng/g lw) range in liver. The highest levels were revealed in samples from the Seine estuary. Although BB-153 is no longer produced, its concentrations in samples from the Seine estuary were higher than those of the other non-PBDE BFRs. Gieron et al. (2010) reported concentrations of BB-153 in the < 0.90-179 pg/g ww range in fish from the Baltic and North seas.
Concentrations of the above-mentioned novel BFRs were similar to those determined in sole muscle collected from the same areas in 2003 and 2004 (Munschy et al., 2007) . Despite restricted PBDE use in Europe and the expected use of DBDPE and BTBPE as replacement chemicals, no increase in their concentrations in sole was observed during the study years. However, insufficient data was available at levels above the LODs to allow a meaningful trend study.
Conclusions
This study reports the results of an extensive investigation into BFRs in age-1 common sole from France's main coastal nurseries. Both classic PBDEs and novel BFRs were investigated, hence providing reference values on juvenile benthic fish contamination along French coasts. Fourteen PBDE congeners were identified in the majority of samples. Among them, BDE-47, BDE-100, BDE-154, BDE-49, BDE-99, BDE-28, BDE-153 and BDE-183 represented, on average, 95 % of the sum of the 14 congeners in sole. PBDE concentrations in sole determined during our study were in the lower range of those reported in the literature in other European locations. The highest concentrations were found in fish from the Seine estuary. Lower PBDE concentrations, K indices and lipid contents were observed in this estuary in 2009, possibly in relation to a lower water flow. Nevertheless, no general evidence could be given of PBDE concentrations versus fish condition indices.
The identified PBDE contamination patterns and congener specific ratios suggest that sole have a high metabolic degradation capacity. In addition to BDE-99/BDE-100 and BDE-47/BDE-99 ratios, the BDE-99/BDE-49 ratio could be used to characterize the metabolism capability of organisms. In view of this, we believe that BDE-49 should be included in the list of priority PBDEs analysed in biota.
BDE-209 was also detected, although in a limited number of samples. In addition, several congeners, possibly originating from BDE-209 debromination, were identified, suggesting that sole were exposed to BDE-209 and able to metabolise it. Among the novel BFRs, BTBPE and DBDPE were identified in samples at lower concentrations than PBDEs. These compounds are marketed as alternatives to other brominated compounds. They are thus of particular interest with respect to future environmental monitoring. BB-153 and HBB, i.e. the other non-PBDE BFRs identified in this study, were also detected at low levels. Tables   Table 1 : a Concentrations were recalculated in ng/g ww with the lipid content given in the publication, assuming that this lipid content was in % ww.
Figures
nda: no data available 
